Effect of Polymerization on the Boson Peak, from the Liquid to Glassy Phase 
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Raman scattering measurements are used to follow the modification of the vibrational density 
of states in a reactive epoxy-amine mixture during isothermal polymerization. Combining with 
Brillouin light and inelastic x-ray scattering measurements, we analyze the variations of the boson 
peak and of the Debye level while the system passes from the fluid to a glassy phase upon increasing 
the number of covalent bonds among the constituent molecules. We find that the shift and the 
intensity decrease of the boson peak are fully explained by the modification of the elastic medium 
throughout the reaction. Surprisingly, bond-induced modifications of the structure do not affect 
the relative excess of states over the Debye level. 

PACS numbers: 78.30.-j, 82.35.-x,63.50.Lm, 64.70.pj 
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The excess of low-frequency modes over the Debye 
level in the vibrational density of states g{u>) of disor- 
dered materials, the so-called boson peak (BP), remains 
the object of controversial debate ED, B, El, II, IE IE lL Hi- 
The BP has been investi gate d on temperature [3, [KJ, [Tl j , 
on pressure fl2l HE 111 . llSj, and on changes in sample 
preparation 

mum 

by measurements of specific heat, 
Raman, neutron, and nuclear inelastic scattering. Sam- 
ple densification is common to all the conditions where 
significant changes of the BP have been observed. In this 
respect, the various techniques reveal the same trend: an 
increase in density causes a decrease in the BP intensity 
and a shift of its maximum toward higher frequencies. A 
so clear experimental evidence, however, does not corre- 
spond to an as clear interpretation. 

Recent studies suggest the central role of changes of 
elastic properties in the BP evolution, although general 
consensus has not emerged: shift and intensity decrease 
of the BP for hyperquenched [lTj and permanently den- 
sified glasses [lj] can be fully explained by the corre- 
sponding changes of the Debye level, which describes the 
elastic medium; on the other hand, for a polymer glass 
the effect of pressure on the BP is found to be stronger 
than elastic medium transformation, at least for excep- 
tionally high levels of densification [lFJ. Following the 
idea in [T3|, any variable which defines the Debye level 
(not only density, but also sound velocity) could play 
a decisive role in the BP modification. Despite the ef- 
fects of sound velocity may be very pronounced in the 
liquid — where the BP continues to be present [l9ll20|— 
studies are limited to glass-formers below their T g , and 
only temperature and pressure-induced effects have been 
explored. An even more intriguing aspect concerns the 
limiting effect, for the BP scaling properties, of changes 
in the local structure. Results for permanently densificd 
glasses indeed suggest that these properties may be lost 
in the presence of structural modifications in the short- 
range order [hH ]. 



In this Letter we consider effects on the BP and on 
the Debye level in a reactive mixture as the monomers, 
initially liquid, irreversibly polymerize under constant T 
and P. As reaction proceeds, an increasing number of 
loose van der Waals bonds are replaced by stiffer co- 
valent bonds that slowdown the molecular motions and 
ultimately lead to a frozen, glassy structure (chemical 
vitrification [U [22j]). Meanwhile, the sample density 
and sound velocity increase, both contributing to sig- 
nificantly change the Debye level. Given the nature of 
the process, chemical vitrification double challenges the 
low-frequency vibrational properties to scale with elastic 
properties. First, it is not obvious that the vibrational 
density of states scales in the liquid the same way as in 
the glass. Second, the gradual passage from the fluid to 
a glassy phase is clearly accompanied by a large number 
of microscopic structural changes — i.e., local reorganiza- 
tion of atoms in different molecular groups — carried out 
by the bonding process. 

Starting from the initially liquid mixture, we have 
monitored by Raman scattering (RS) the density of vi- 
brational states and measured by Brillouin light (BLS) 
and inelastic x-ray scattering (IXS) the sound velocities 
and elastic moduli, throughout the reaction. Our results 
show that, even in the liquid phase, the transformation 
of the elastic medium continues to describe the BP evo- 
lution. Unexpectedly, bond-induced modifications of the 
structure that affect both atomic vibrations and slow co- 
operative motions, do not affect the relative excess of 
states over the Debye level. 

The system we study is an epoxy-amine mixture con- 
sisting of diglycidyl ether of bisphenol-A (DGEBA) and 
diethylenetriamine (DETA) in the stoichiometric ratio 
of 5:2, during polymerization at a constant T=275.3 K. 
At this temperature the monomers bond slowly to each 
other and the total reaction time is ~ 2 days. The reac- 
tion proceeds by stepwise addition of the amino hydrogen 
to the epoxy group, without elimination of by-product 
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molecules. Starting from a liquid sample (T g ~ 230 K), 
the final product is a glassy network-polymer. In all ex- 
periments, the reagents were mixed in a glass container, 
stirred for about 2 min, and then transferred in the mea- 
surement cell (a cylindrical pyrex cell of inner diame- 
ter 10 mm for RS and BLS measurements, a stainless 
steel cell equipped with kapton windows for IXS mea- 
surements). The RS experiment was performed using 
a standard experimental setup Jobin Yvon U1000, in a 
wide frequency range (from 3 to 4500 cm -1 ) in order to 
follow also the evolution of the molecular peaks. The 
light polarizations were perpendicular (VV) and orthog- 
onal (HV) to the scattering plane. The IXS experiment 
was performed at the beam line ID16 of the European 
Synchrotron Radiation Facility with an incident photon 
energy of 21.748 keV and an instrumental energy res- 
olution of 1.5 meV [23|. Spectra at different values of 
the reaction time were taken in a Q range from 1 to 10 
nm" 1 . BLS unpolarizcd (VU) spectra were measured in 
90°-scattering geometry using a tandem Fabry-Perot in- 
terferometer. The measurements were performed with a 
laser light of 532 nm wavelength. The refractive index at 
the same wavelength was measured throughout reaction 
by the angle of minimum deflection. The sample den- 
sity pas a function of time was obtained as reported in 
Ref. [33|; the whole variation is Ap ~ 4%. 

Figure [1] shows the experimental depolarized Raman 
intensity, Ihy(uj). The spectra are collected sequen- 
tially during the reaction; they do not present any lu- 
minescence background and the data treatment does not 
require any intensity normalization factor [inset (a) of 
Fig. [T] . Intensity variations in the high frequency region 
only occur for those peaks related to vibrations of atoms 
involved in the reaction [inset (b) of Fig. [T]. The depo- 
larization ratio, i.e., the ratio of depolarized [Ihv(u)] to 
polarized [iyy(w)] Raman intensity, is constant (from 5 
to 80 cm -1 ) for all the spectra, showing that no depolar- 
ization mechanism is activated by the chemical changes. 
It is clear the presence of the boson peak, which con- 
tributes to the spectra with a maximum at ~ 15 cm" 1 , 
and of the quasielastic scattering (QES), centered at zero 
frequency. As reaction proceeds, the QES significantly 
decreases till it becomes negligible, and the BP shifts 
toward higher frequencies while its intensity decreases, 
in agreement with previously reported observations on 
changing thermodynamic variables 12011. 

As suggested in the literature [H [H [H, S3, SI 
QES is usually ascribed to some kind of relaxational pro- 
cess. Therefore, we effectively model the Raman inten- 
sity Ihv{^) in the frequency region of interest (up to 
~ 60 cm" 1 ) as a superposition of two contributions, one 
(Iqes) related to relaxational processes, and the other 
{I bp) related to the density of vibrational states g(w), 
i.e. 

Ihv(u) = Iqes(u) + Ibp(u) 

= C rel {Lo)L{io) + C mb {Lu)g{Lu)[n{Lu) + l]/wQ.) 

where C rel (uj) and C (u>) are the vibration-to-light 




FIG. 1: Depolarized Raman spectra at some selected reac- 
tion times as indicated in the legend, during the isothermal 
reaction DGEBA-DETA 5:2 at T=275.3 K. The insets show 
the same spectra as in the main panel, (a) in the frequency 
range of the molecular peak at 1610 cm -1 (aromatic quadrant 
stretch) invariant on reaction, and (b) in the frequency range 
of the band at 1260 cm -1 (breathing of the epoxide ring), 
whose intensity decrease corresponds to the epoxy group con- 
sumption. 
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FIG. 2: The quantity 7g£(w)/{o; 2 [n(w) + 1]} — proportional 
to the reduced density of vibrational states, g{uj)/uj 2 — ob- 
tained from the Raman spectra after subtraction of the QES 
contribution, at different reaction times. 



coupling coefficients for the relaxational and vibrational 
term, and n{uS) + 1 = {1 — cxp(— fej/fceT)}" 1 is the Bose 
population factor. Since in this work we are only inter- 
ested in the BP variations, our analysis aims at subtract- 
ing from the total signal the QES contribution, described 
by the function L(uj). Here, we approximate Iqes{^) 
with an effective Lorentzian shape centered at zero fre- 
quency [ljj, Hi! , and adopt the criterion to keep the width 
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FIG. 3: Longitudinal vl (□) and transverse vt (°) sound ve- 
locities measured by BLS, high-frequency unrelaxed value of 
the longitudinal sound velocity vl°° (♦) measured by IXS, 
and high-frequency unrelaxed value of the transverse sound 
velocity wt°° (solid line) obtained using the Cauchy-like rela- 
tion shown in the inset. Inset: Apparent moduli measured by 
BLS. The linear fit gives M' = (3.16±0.08) + (2.99±0.02)G" . 



of this line fixed for all the spectra and to adjust the in- 
tensity in such a way that in the subtracted spectra the 
QES contribution is totally cancelled. This operation 
is consistent with assuming that C rel {uj) at frequency 
lower than the BP region is almost constant, in agree- 
ment with experimental determinations made in other 
systems [9j, [lOj, |3fJ ■ The residual spectra, Ijiv(w), only 
represent the second term in the rhs of Eq. flj). Using 
C mb (u) ~ lo for frequencies near the BP maximum [3l| . 
we thus obtain a quantity proportional to the reduced 



density of vibrational states g(ui)/u) 



as 



uj 2 {n(u) + 1] 



oc 



LU 2 



(2) 



presented in Fig. [2] Here the BP is clearly visible for 
u) > 5 cm -1 , undergoing a variation during the reaction 
of ~ 50% in intensity and ~ 20% in frequency position. 

We now compare these variations with the variations 
of the Debye frequency, ljd, given by 



6ir 2 pN A N F (v) 3 
M 



(3) 



where p is the density, Na the Avogadro's number, Np 
the number of atoms per molecule, M the molar weight, 
and {v ) the mean sound velocity defined as 
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v) 3 3 u? v 



(4) 



with vl and vt the longitudinal and transverse sound 
velocities. As the number of atoms in the mixture is 
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FIG. 4: Reduced density of vibrational states after rescaling 
by the Debye frequency u>n, at different times of reaction. 
Data are the same as in Fig. [2] The thickness of the master 
curve compares with the uncertainty in the x- and y-scaling 
factors. Inset: u>d as a function of reaction time. 



unchanged on reaction (no molecule is expelled as by- 
product), Np and M for our sample were calculated by 
averaging the corresponding values for the two compo- 
nents (DGEBA and DETA) weighted by their molar frac- 
tion. 

It has to be noticed that the vl and vt values in 
Eq. (UJ) are those corresponding to the frequencies of the 
BP (~ 0.5 THz), therefore the high-frequency unrelaxed 
values vl°° and For the studied process these val- 

ues do not coincide, but in the glass, with the sound ve- 
locities measured by BLS. The results for vl°°, obtained 
by fitting the IXS data at Q = 1 and 2 nm _1 using the 
damped harmonic oscillator model, are shown in Fig. [3] 
The IXS data agree well with the longitudinal sound ve- 
locity measured by BLS in the final stage of reaction, 
i.e., close and below the glass transition. However, at 
an early stage of reaction the IXS velocity is up to 10% 
higher than the BLS one. This difference reveals the ef- 
fect on acoustic modes of the structural relaxation. On 
approaching the glassy state, the relaxation active in the 
fluid shifts toward lower frequencies and the apparent ve- 
locity vl measured by BLS in the GHz domain tends to 
its unrelaxed value always measured by IXS. 

To evaluate vt°° we exploit the Cauchy-like relation 
A f = a + bG 1 , between the real part of the longitudinal 
A f = pv\ and transverse G' = pv 2 -. elastic moduli, which 
is found to hold true, with the same parameters, for the 
unrelaxed moduli and for the apparent moduli measured 
at finite frequencies throughout reaction [33j (inset of 
Fig. El). For DGEBA-DETA 5:2 the parameters are a = 
3.16 ± 0.08 and 6 = 2.99 ± 0.02. The obtained v T °° is 
reported in Fig. [31 It contributes, together with vl°°, to 
an ~ 19% increase of (v) from the beginning to the end 
of the reaction. 
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The calculated Debye frequency ujd (inset of Fig. [4} 
increases on reaction by ~ 20%. In order to remove this 
effect from the transformation ofg(ui)/uj 2 shown in Fig. [2j 
we measure the frequencies in Debye frequency units, 
f2(t) = u>/u>i)(t), while imposing the conservation of the 
total number of vibrational states, g(£l)dQ — g(u))du). 
The rescaled spectra g(fl)/fl 2 are calculated as 

g(fl) _ g(u) 3 

Within the experimental uncertainty in the Debye fre- 
quency [Au) D (t) ~ 1.9% for t < 1700 min, - 1% for 
t > 1700 min] the obtained rescaled spectra collapse one 
on the other without any adjusting parameter (Fig. [4]). 
Thus, the BP variations on polymerization are fully de- 
scribed by the transformation of the elastic continuum. 
They hide no appreciable change in the relative excess 
of states above the Debye level, 3/cjfj: the decrease of 
vibrational states is compensated by the corresponding 
decrease of the level. 

Our results are in agreement with studies of hyper- 
quenched and permanently densified glasses [3, EZl , for 
a shift in the BP position even more pronounced. How- 
ever, two important aspects of the reactive process char- 
acterize the present with respect to previous investiga- 
tions. First, on increasing the number of covalent bonds 
the system passes from the fluid to a glassy phase; the 
scaling property of the BP with the elastic continuum 
deformation holds throughout the reaction, i.e., above 
as well as below the glass transition. In this respect, it 



should be noted that, in contrast to the previously stud- 
ied cases, most of the Debye level variation is due to the 
sound velocity increase that occurs above the glass transi- 
tion, rather than to sample densification, suggesting that 
density not necessarily plays a dominant role in the BP 
transformation. Second, on polymerization, changes of 
the macroscopic properties are not induced by thermo- 
dynamic variables; instead, they are driven by changes 
of a chemical nature, which also modify the structure 
of the sample on a mesoscopic and microscopic length 
scale. As the number of chemical bonds increases, mod- 
ifications of the intermediate-range order appear in the 
x-ray scattering data as a progressively increasing pre- 
peak at small wave vectors in the static structure factor 
|23j; modifications of the local environment around the 
atoms involved in the reaction are revealed by the high - 
frequency Raman scattering data, as shown in Fig.[]Jb). 
These continuous changes in the structure seem not to af- 
fect the relative distribution of excess vibrational states 
over the Debye level. 

In conclusion, we studied the variations of the vibra- 
tional spectra induced by covalent bond formation during 
the process of chemical vitrification of a reactive mixture. 
We find that the BP, as the polymer structure develops, 
always scales with the corresponding value of the Debye 
frequency. The results of this study indicate that a sig- 
nificant transformation of the BP — even in the liquid 
phase — is sufficiently described by the changes of the 
elastic properties of the medium, independently of the 
variable inducing those changes. 
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